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NACA ATRCRAFT ENGINE RESPARCH LABORATORY

for the
Bureau of Aeronautios, Navy Department-
EFFICIENCY OF A RADIAL-FLOW EXHAUST-GAS TURBOSUPERCHARGER
TURBINE WITH A 12,75-INCH TIP DIAMETER

By Earl E. Coulter, Robert G. Larkin .
and David S. Gabriel

SUMMARY -
An inveetigatlion has been made of the effect on the performance
of & radilal-flow exhauet-gas turboeupercharger turbine with a
12.75-1nch tip dlemeter of various inlet preseuree, inlet temperatures
wheel speede, pressurs ratios, and oooling-air flowe. For a glven
blade-~to-jot epeed ratio, variation in preesure ratio from 1.5 to 4.0
and inlet temperature from 800° to 1200° R had only a small effect on
turbine efficlency. For blade-to-Jet epeed ratlios of 0.5 and 0.6, the
efflclency increaped 4.5 polnte ae inlet preseure lnoreased from
20 to 50 Inches of mercury absolute. Cooling-alr flow had no
meagureble effect on turbline efflolency wlthin the accuracy of the
teets 1n the teet range: nemely, ratloe of cooling-alr flow to
turbine gae flow from O to 14 percent, turbine preesure ratlo of 2.0,
turbine inlet total preeeuree from 15 to 40 Inches of meroury
ebsolute, and inlet temperatures from 800° to 2000° R.

INTRODUCTION

The radial-flow exhaust-gas turbine investigated has many
features that are radlcally different from thoase of the conven-
tiopal aximl-flow turblne, The redial-flow turbine wheel x»ums
wilth congiderable reaotion and incorporates drilled ocolling-alr
passagee through the disk. Performence tests of the conventional
axlal-flow turbine have been reported in references 1 and 2, but
very little deta have been publighed on the radial-flow-type :
turbine (reference 3) and nc data are avallable that show the
effect of ccolling-air flow on turbine efficlency.
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An investigetion was therefore made at ths NACA Cleveland
laboratory during July and Auguet 1945 at the request of the
Bureau of Aeronautice, Navy Department, to determine the baeio
effiolency and aleo to inveetigate ths effect of cooling-air flow
on turblne performance. Curves of efflclency and air flow are
presented that ocover a range of turbine apeade from 30C0 to
17,000 rpm, inlet preeeuree from 15 to 50 inchee of mercury absolute,
inlet temperaturee from 800° to 20000 R, preesure ratice from 1.5 to
4.0, and oocoling-alr flows frem O to 10 percent of the turbine gas
flow.

TURBINE ASSFMBLY

A photograph of the sstup for the inveetigation of ths radial-
flow exbhaust-gas turbine i1s shown in figure 1. The nozzle box, the
turblne wheel with cooling-air paesagee end shaft, the wheel-case
center cover, and the rear-bearing eupport (turbine end of shaft)
are shown 1n figure 2. The nozzle box 1e a dovbls tangentlal-inlet
radial -flow type. The turbine wheel has a comparetively small number
of bladee (17) and rune with conelderable reaction; the driving fluid
entere the turbine wheel radielly and is discharged axislly.

The compreeeor impellere and diffuecre and the oll pump were
removed, Theo weate gate wae replaced by a etainlemg-eteal eeal to
eliminate leakage. The oll passagee in the front-bearing houeingse
(compreesor end of shaft) were reworked to permit lubrication of
the bearings from externml oll pumps. An extenslon shaft wae
ingerted into and faetened to the compreesor end of the hollow
turbine ehaft with dowel pins. The powsr waes transmitted through
a flexible coupling to a high-speed eddy-current dynamometer.
Dietortion of the wheel-caee center cover and coneequent rubbing
én the turbine wheel at simulated altitude conditlione were prevented
by inatelling a chamber between the nozzle box and rear-bearing
eupport and venting 1t to the turbine dlecharge duct. Filgure 3
showe thess modificatlonse.

The clearence between the air eeal (fig. 3) and the baok of
the turbine wheel wae eet at 0.005 inch cold and the clearance
between the tralling edge of the turbine-blade tips and the turbine
caaing wae 0.044 to 0.051 inch cold. The dlstance from the upatream
ond of the inner cylinder of the annular exhauet chamber to the
turbine wheel wae eeven-eighthe ingh.

The wheel wae dealgned to be cooled by air bled from the
firet-etage compreseor to increase the 1life of the twrbine wheel at
olovated temperatures and to permlt safe operation at inlet-gae
tomperaturee up to 1700° R. Becaues the compreesors were removed,
cooling air had to be provided from an external eource. The
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compresscr intet and one outlet wore blanked off and oocoling air
from tho laboratory air supply was introduced through tho other
. compressgor. outlet. .Cooling-air flow was mecsured by & thin-plate
orifice, Fifty-one cooling-nir passages aro loocated in the turblne
. wheel in planes slightly less than S0° from the turbine axis, (Soe
detail A of fig. 3.) These passages terminato in groupe of three
into 17 other drilled passages, each one under ths root of a blade
and roughly parallel to the root. The cooling air enters the wheel
near the shaf't and dischargos on tre downstroem side of the turbine
wheel near the axis, The air-flow path is indlcated by arrows in
figuro 3. The cooling-air passage outlots are ashown in figure 2(b).
The turbine was driven by hot gas at various temporatures and
prossures from a hot-gas producer similar ko the ono described in
reforonce .

A plenum chamber iIn the form of an inverted U constructod from
l8-inch-diametor ducts and covorod with 3 1lnches of insulation was
attached to the nozzlo box to insure an equal gas flow through both
nozzle-box lInlets, Thle arrangemont 1s shown in figure 1. Tho hot
gasn entcred at tho contar of the top of the chambor and flowed down
both legs. The norzle-box inlet ducts extended inte the legs of
tho plenmum cheamber and the 1pstroem onde wero bellmouthod to induce
a smooth gas flow,

INSTRUMENTATTON

A thin-plate orifice was rsed ito moasuro alr flow tc the gas
producor, Fuel flow vas mensured with u callbrated rotameter.

. Inlet-gas temperaturo was measurcd by four quadruple-schiclded
chromol=-aluwl thermocouples, two placed in sach inlot to the
nozzlo box. The average of thoso four thormocouple roadings was
assumed to be tho total temporaturc at tho nozzlo-box inlots. The
raximum difforonco in thormocouple roadings was*5° F. Inlot static
progsuro was tnken as tho averogo of tho readings of eight pressure
taps, four locntod in the same cross section in oach of the two
nozzle-box inlot ducts as indlcatod in figure 3. Those pressure
roadings had o maximum variation of #0.1 inch of mercury. Tho total
inlot prossuro was carputed from the moasured static prossure and
tho total temporature by uso of tho continuity oguation.

An annular chembor having tho samo cross-soctional aroa as
the anmnular aroa swept by tho dlocharge sdgos of tho turbine blados
plua tho annular aroa that correspordsto the cloarance botwooen tho
trailing cdge of tho blado tips and tho turblno casing was provided
ot tho turbino dischargo. Throo banks of otatio pressure taps,

16 taps in oach bank, wore installed 120° gpart in tho annular
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chamber. Six teps of each bank were installed in the outer cylinder
of the annular chember and 10 taps in.the Iinmer cylinder. These

taps were spaced 0.75 inch .and the alxr taps on the downstresm end

of the inner cylinder of the chamber were directly opposite the six
taps in the outer c¥ylinder of the annuler chamber. The annular
chamber and one bank of pressure taps are shown in figure 3. The
turbine statlc discharge pressure wae taken as the average of the
roadings of the slx vressure taps lying in the plane passing through
taps 1 and 11 (figure 3) and perpendicular to the axis of the turbine,

Dynamameter terque measurements wore made with an NACA balanced-
diaphragm torgque indicator to the neareat 0.204 fook-pound., Turbine
speed was measured to the nearest 10 rpm by two chronomstric tachometers,
each driven by 1ts own tachameter gemerator turning at one-tenth
turbine speed, The method recammendsd by the A.S.M.E. of estimating
the accuracy of measurement of air flow gives a probable error
of 41.2 percent.

SYMBOLS

The followling symbols are used in the report:

A actual turbine nozzle outlet area (sg ft)

g acceleration due to gravity, 32,2 (ft)/(sac)a, or dimensional

constant, 32,2 (lb)/(slu35

[ theoretical maximun mase flow of zms that can he passed tarough
convergent nozzle of 21,5-square-inch throat area,

(8lugs)/(eec)
M, mass flow of alr plus fuel, (8lugs)/(sec)
N turbine speed, (rpm)
py static pressure of turbine discharge, (in. Eg absolute)
p; ‘total pressure at nozzle-bor inlet, (in. Hg abeolute)
R, gas constent for combustion products, (£t-1b)/(1b-°R)
Ty total temperature at nozzle-box inlet, (°R)
u blado tip speed, (fps)

v theoretical Jet speed, (Lps)
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W waight flow of cooling air, (lb)/(sec)

-

W Wi@:t flow of air plus fuel, (lb)/(aeo)

y ra.tio of speoifio heata

1 turbine effioiency defined as ratio of shaft power to theoretl-
cal power camputed from total temmerature and pressure at
turbine iniet ard static pressurs at turbine dlacharge

n' turbine efficlercy defined as ratio of shaft power to difference
between theoretical power (as defined Jor 7n) and kinetic
power where kinetio power is calculated from average axial
camponent of velocity at turbine discharge

B ratio of turbine inlet preseure to NACA standard see-level
preseure, p;/29.92

2] ratlo of turblne inlet temperature to NACA standard sea-level
temperature, T4/519 '

TEST CONDITIONS

The fundamontal effilclency of the turbine was determined by teate
Thege toete were llmitod to an inlet temperature
of 1200° R. The approximate test conditions were as follows:

without cooling alr.

Total inlet | Total inlet .
preesure, Dy} temperature, Ty Praaeure’ ratio
(in. Hg ebe.) {°R) P1i/ P
15 1200 1.5, 2.0
20 1000 1.5
30 800 1.5, 2.0, 3.0, 4.0
1000
1200
30 200 2.0, 4.0
1100
40 1000 1.5, 3.0, 4.0
50 1000

At each oondition,data were taken over a range of speeds up to the
meximm obtainable, but the speed waa limited to 17,000 rpm by the

manufaocturer,




6 : .NACA MR No. E6FO3

J

The gas temperaturee for theee tests were relatively low end
resulted in very low fuel-air ratios; conssquently, the gas
propertiee differed little from thoee of alr et these temperaturee.
The turbine efficiency 1 baeed on the tobtal inlet preseure and
temporature and the etatic diecharge pressurs wae oeloulated by
uelng & teble of the thermodynamic propertlee of elr from
reforsnce 4 and the equetione of reference 5. The efficiency g’
tased on the difference between the total evaileble energy calcu-
lated from the etatic diecharge preescure and totel inlet temperature
and preeeure and the klnetic energy of the average exiel componsent
of diecharge vslocity wae caloulated by the method of reference 1.
Veluee of Ry and 7, taken from reference &, were ueed to calcu-
late the average axiaa oomponsnt of the discharge velocity.

Additional teete were made at a constant preesure ratio of 2.0
to inveetigate the effect of conling alr on turbine efficlency. The
following table ehowe the approrximate conditions for eech test:

“Total inlet Total inmlet Cooling-air Flow
preeeure, p; temperature, T, We
(in. Hg. abe.) (©R) (1b/ee0)
15 1200 0, 0.095, 0.195
30 . 800 0, 0.095, 0,196, 0.330
1200 0, 0.095, 0.196, 0.330
1600 0.195, 0.330, 0.410
2000 0,330, 0,410
40 _ 1200 0.095, 0,196, 0.330 __

At eech test condltion the epeed wae varied up to the maximum
obtalnable but limited to 17,000 rpm. The cooling-air flowe
gelected wers choeen to ineure safe coperetlon of the turbine and
were not neceesarily the minimwn flowe requirsd for cooling.

At the conclusion of thie test program, e eudden increaee in
alr flow of about 2 percent wee noted. Inepection of the ‘Hozzle
box reveeled several radial cracks about one-half inch long end
one-eixteenth inch wide in the caeting that forms the waste-gate
nozzlee. The etrees introduced by the waete-gate eeel clamped over
the ceeting mey poeeibly have been the cauee of these cracke.

RESULTS

The reeulte of the teete without oocoling air are shown
in table I. ’
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Turbine efficiency 10 1e plotted agalnst blade~to-Jet speed
ratlo in figuree 4 and 5. Figure 4 demonsiraiee the effect of
preeauie ratio Tor "three' inlet totel gas- temperaturee and filgyre.5
shows the effect of inlet témperature and preeeure on turblne
effiolency. The peak efficlency oocure at a blale-~to-jet Bpeed
ratioc of about C.66.

Figure 6(a) shows that for biede-to~Jet speed atioe lower
than 0.6 the turbine efficlency increessee with inorease 1n preeeure
ratic up to 3.0 and’ then decreases., TFor a blade-to-jet epeed ratlo
of (.4 the increase is about 2 points for an increaee in pireeeuro
ratio fram 1.5 o 35.0. TFor a blade-to-Jet epeed ratio of 0.6, however,
the efficlency decreasee about 2 polnte when the preseure ratilo
increases from 1.5 t> 3.0, Figrre 6(b) shows the effect of variation
in iniet tempeiature on turvine efficiency. The turbine efficlency
variee only salightly with inle+ temp91a+ure Over tue 1ange of
inlet temperetures from 800° to 12¢0° R the meximum difference in
officiency was 1.5 pointe. The eificlency increasea with inlet
presere as shown in figure &{c). Tae greateet increaee of efficiency
occure at blaede-to-let epeced ratlos of 0.5 and 0.5 and 1e about
4.5 polnkte over a vange of inlet preesuree from 2C to 50 inches of
mercury abeolute.

In figure 7 the turbine efficleuncy 1s plotted azainst the
Reynolda number factor pifTi 1 derived in reference 1. The curves

are showvn for constant blado-to-Jet epeed ratios from 0.2 to 0.6 apd
preesurre ratioce from 1.5 to 4.0. The inlec-pressure range shown

1s from 15 to 50 1nches of msrcury abeplute and tho inlét-temperature
rance le fram 800° to 1206° R, The derivation of the Reynolde
nunber factor in reference 1 neglecta mechanical loeses, bearing
friction, and windage, which le a loglical aeeumption vhen emall
turbinee having antifriction bearings are considered. Frictlon
loeeee are, licwever, considerably higher for Journal-type bearings
and would have proportiocnally greater influence on the reeults, No
correotion hae been made in the data reported here for bpearing
friction, Although figure 7 shows a good correlation ol the data,

1t cannot be offered as evidence of the effect of Reynolde mumber

on turbino efficiency because of the amall vexriation of the efficlency

wlth the Reynolds nimber factor and the unknown effect of beering
friotion. :

The turbine mase flow may be correlated by plotting the gas-
flow factor Mg "JGTbT (roference 1) against the epeed factor N/-6
Py 1
for any preseure ratio., For convenlence of calculation, the gee~flow
faotor 1e reduced to the form (Mgﬁ@}/& and plotted against the
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gpeed factor for various pressure ratlos in figure 8. All the data
over the reange of inlet pressures anl temperatures 1s correlated on

thls plot wlthin an aocuraoy of LE pericont. The variation of the

gas-flow factor (Mt A8)/8 with pressure ratic is shown on cross
plot figuwre 9. The cccurrence of reaction is indicated by the faot
that the gas-flow factor continues to increase as the pressure ratlo
incresseg above 1,83,

The ratioc of the turbine mass flow Mt tc the critical mass

flow 1} at any given Inlet preassure and temperature 1is plotted
against the speed factor N/ A3 ip figure 10. The critical mass
flow is defined es the theoretical maximm flow that could be

paseed through a convergent nozzle having a dlacharge area equivalent
to the turbine nozzle diacharge area (21.5 sq in.} and is calculated
from the followling squation:

1
70.73 pyA (_2__ 5‘1 2y

= —= \yil 7+
My EEE?I' Y ‘Vr

Although 7y and R vary with irlet temperature, their .
variation with temperature over a range fram 800° to 1200° R
resulted in a difference in Mm of less than one-helf percent.

Consequently, for all practicel purposes equation (1) reduces to
(MﬁtJ@)/B = 0,228 (slug)/(a=ec)
vhere

R, = 53.25 (££-1b)/(1b) (°R)

The plot of flgure 10 correlates all the data +ver the entlire range

of test condltlons. Figure 11 18 a croaa plot of figure 10 and

shova that the ratio Mf/ﬂm approaches a value of 0.875 at a presaurs
ratio of about 4.0.

Turblne efflciency 7' 1s plotted against blade-to-Jet speed
ratlo for various inlet temperetures and pressure ratios in
figure 12 and data are shown for the sams conditlons as those of
figure 4. In this case the efficisncy 7' 1Increases with pressure
ratic for each Inlet temperature.
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A plot of the efficiency ratio 7'/n egainst the blade-to-Jjet
speed .ratio for various pressure ratlos is. shown in figure 13, wh:l.ah
correlates all the data within an aocmoy of ‘1 percent. The :
efficlency 7' varies from 1.04 to 1.16 times the corresponding
valuee of 1. The greatest inoreame nccui'e at the cambination of
low blede-to-Jot speed Tetlios and high pressure ratiloe.

The results of the tests using turbine-wheel cooling air are
shown in filgure 14, a typilcal curve of turbine efficlency plotted
egalnst 'bla.ﬂ.e-to-.jet gpeed retlc for varlous coolling-alr flows
from 0 to approximetely 0.33 poundl pser second. Theee data wore
taken with an 1nlet pressurs of approximately 30 Inches of meroury
abeolute and an iniet temperature of 800° R, It 1r evlident from
thie vlot theb for the rAang:s Investlgated cooling-alr flow has no
measurable effect on tuwbine efficlency within the acowuracy of the
data,

The effect of cooling alr on the turbine efficiency le shown
In the following summary table:

Cooling-air
Inlet total Inlet total |Blade-to-Jjet|flow (percent|Turbine
temperature, T.‘L preseurs, p; |speed ratlo |turbine gae |[efflclency
(°R) (in. Hg abs.) u/v flow) 1
800 29.8 0.6 0-7 0.675
1200 29.8 .6 0 - a% .67
1600 29.8 .5 55 - 12% .61
3
2000 29,8 45 10% 132 .58
1200 39.9 .55 0 - a% .B5
1200 29.8 .55 0 - ai .65
1200 14,8 ; .55 T 0 - 10 .61

No varlation in efficlency with cooling-alr flow 1e noted in this
table. Filgure 14 and this table show only the effect of the cooling-
alr flow on the performance of the turbine proper. A camplete
evaluation of the ccoling-power lops must include the pumping horse-
power required to force the cooling alr through the cooling passages.
Table 1T shows a suwrmary of the test data uaing cooling alr and
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inoludes the oooling-air flow, preesure drop from the oompressor
housing to the turbine dilscharge preseure, and cooling-air inlet
temperature meaeured Just before entrance to the turbine wheel.
From these data the pumplng horsepower can be computed. A ocorrela-
tlon of thle ocooling data wae not attempted becauee the temperature
verlation of the cooling elr ae 1t paeeed through the oooling
paesagee wae unknown,

SUMMARY OF RESULTS

From efflclenocy teete of a radlal-flow exhauet-gas turbo-.
eupercharger turblne with a 12.75-1nch tlp dlameter over & range
of pressure ratios, lnlet temperaturee, inlet pressuree, and
cooling-alir flowe, the followlng reeulte were obtained:

1. The varilaetion of efflclency wlth preeeure retloc over the
range from 1.5 to 4.0 wae small (2 pointe or leee) for any glven
blade-to-Jet epeed ratio. .

2. The turbine effliolency varled cnly elightly with inlet
temperature. Over the inlet-temperature range from 800° to 1200° R,
the maximum difference in efficlency wae 1.5 pointe.

3. The efflclency lncreaeed about 4.5 polnte at blade-to-jJet
epeed ratloe of 0,5 and 0.6 ae inlet preesure increased from 20 to
50 inchee of mercury abeolute.

4, The mage Flow through the turbine lncreaeed with preseure
ratio and spproached a limiting valvue at a preeeure ratlo of
about 4.0, At a pressure ratio of 4.0, the ratio of the turbilne
meee flow to the theoretlical maximum mase flow wae 0.875.

5. Teete made with turblne inlet-gae preseurse from
15 to 40 1nchee of mercury abeolute, Inlet-gae temparatures
from 800° to 2000° R, a preseure ratio of 2.0, and cooling-alr flowe
up to 14 percent of the turbine gae flow show that coollng-alr
flow had no measurable effoot on turblme effiolency.

Alrceraft Englne Reeearch Laboratory,
National Advieory Commlttee for Aeronautics,
Cleveland, Chio,
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Figure |, - Test setup of radial—flow exhaust—-gas turbosupercharger turbine.
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